A laser system for the excitation of rubidium Rydberg states using
  second harmonic generation in a PPLN waveguide crystal by Koglbauer, Andreas et al.
manuscript No.
(will be inserted by the editor)
A laser system for the excitation of rubidium Rydberg states using
second harmonic generation in a PPLN waveguide crystal
Andreas Koglbauer1, Peter Wu¨rtz2, Tatjana Gericke2, Herwig Ott2
1 Institut fu¨r Physik, Johannes Gutenberg-Universita¨t, Staudingerweg 7, 55128 Mainz, Germany, fax: +496131/39-23428
2 Research Center OPTIMAS, Technische Universita¨t Kaiserslautern, Erwin-Schro¨dinger-Str. 46, 67663 Kaiserslautern, Ger-
many, fax: +49631/205-3906
Received: date / Revised version: date
Abstract We report on a laser system at a wavelength
of 495 nm which is suitable for the excitations of low ly-
ing Rydberg states of rubidium atoms. The system is
based on frequency doubling of a seeded diode laser in a
periodically poled waveguide crystal. We achieve an out-
put power of up to 35 mW and prove the single frequency
performance by direct two photon laser spectroscopy of
the rubidium 14D5/2 and 14D3/2 states. The measured
fine structure splitting is consistent with quantum defect
theory calculations.
1 Introduction
The last years have seen a rapidly increasing interest in
Rydberg atoms, driven by the ongoing progress in cold
atom physics. The experimental observation of the Ryd-
berg blockade in thermal and condensed samples [1,2,3]
as well as the exploitation of the blockade for quantum
logical operations [4,5] mark the most important break-
throughs. These new developments complement previ-
ous studies on cold plasmas and spectroscopy of Ryd-
berg states and are accompanied by exciting proposals
for quantum information and quantum simulation [6,7,
8].
Most experiments are realized with rubidium atoms
where a convenient excitation scheme exists using a two
photon transition via the intermediate 5P3/2 state. The
first excitation step at 780 nm can be made with a stan-
dard diode laser while the second step ∼ 480 nm can only
be realized using second harmonic generation (SHG).
An amplified diode laser system (MOPA) with subse-
quent frequency doubling in a resonator is a frequently
used configuration which can be homemade or purchased
commercially. In this configuration, the power of the
blue light can exceed 200 mW [9]. The bandwidth of
the frequency doubled light is determined by that of the
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fundamental frequency and typically amounts to a few
MHz. The approach is cost intensive, and the handling of
SHG in a resonator can be involved. Less sophisticated
and more cost efficient ways of frequency doubling can
therefore be an interesting alternative, especially if only
low power at the fundamental frequency is available.
Periodically poled crystals can double the frequency
in a single pass. Guiding the fundamental light field in
a waveguide provides high intensity, while the periodic
poling provides the condition of quasi phase matching.
Highly efficient single pass frequency doubling using pe-
riodically poled lithium niobate (PPLN) waveguide crys-
tal at 488 nm has been previously reported [10]. Coupling
light from a DFB laser (total output power 400 mW)
in the waveguide (300 mW coupled power), a converted
power of 160 mW could be generated, corresponding to
a conversion factor of 52 %. As shown recently [11], this
approach is also suitable for narrow linewidth SHG in
the kHz regime.
Here, we report on frequency doubling of a seeded
diode laser with an output power of 300 mW and a wave-
length of 990 nm. We achieve up to 35 mW power at
495 nm. The single-frequency operation of the laser sys-
tem is verified via EIT spectroscopy of the 5S1/2 →
5P3/2 → 14D3/2/14D5/2 two photon transition of 87Rb,
thus directly proving its applicability for the excitation
of Rydberg states. We find an upper bound for the line-
width of 3 MHz.
The choice of the 14D state of rubidium is motivated
by our experimental approach to study ultracold quan-
tum gases with the help of scanning electron microscopy
[12,13]. In the experiment, the atoms are prepared in
a CO2 optical dipole trap. When excited to the 14D
state, the atoms have a high probability to be photoion-
ized by the CO2 laser [14]. This helps to increase the
overall detection efficiency of this technique. Details of
the ionization scheme can be found in [15].
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2 Laser setup
The laser system for the fundamental light at 990.6 nm
wavelength is a master-slave setup, consisting of two
identical high-power laser diodes, with a nominal out-
put power of 400 mW and a gain bandwidth from 985 nm
to 995 nm. Both diodes are temperature controlled, and
collimated by aspheric lenses. The wavelength selection
of the master laser is accomplished by means of opti-
cal feedback from a diffraction grating in an external
cavity setup in Littman configuration [16]. This pro-
vides the advantage of beam pointing stability during
wavelength changes, which is crucial for the following
injection-locking [17]. As a consequence, in our setup
only 16 % of the free running power remain after trans-
mission through a 60 dB Faraday isolator. Single-mode
operation over the whole gain bandwidth is possible.
The complete setup is depicted in Fig. 1. In order
to couple the master beam into the front facet of the
slave diode, it is overlapped with the beam of the slave
laser, using the side entrance of the output PBC in a 30
dB Faraday isolator. Since the two diodes are identical
in construction, no further mode matching is required.
Typically about 23 mW of injection light are available
at this point. This is sufficient to seed the slave laser up
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Fig. 1 Sketch of the laser setup. The master diode in
Littman configuration seeds the slave laser, whose frequency
locking is monitored via a spectral analyzer. After beam
shaping optics (BSO) the light is coupled into the PPLN
waveguide for SHG. Residual fundamental light is blocked
by an IR filter. The blue coupling beam at 495 nm passes
through a Rb vapor cell and is aligned with the probe beam
at 780 nm. The latter is provided by an offset-lock stabilized
diode laser system. The transmission of the probe beam is
observed by means of a photo diode behind a dichroic mir-
ror. Where necessary, polarization adjusting is performed via
half-wave plates (λ/2). (FI: Faraday isolator, BS: Beam split-
ter, FPI: Fabry Pe´rot interferometer, PD: Photo diode, DM:
Dichroic mirror)
to the maximal extracted output power of 370 mW for
several hours, if the master laser doesn’t experience any
mode hopping exceeding the locking range. Frequency
scans of > 1 GHz are supported by the injection lock. A
reduction of the injection power to <1 mW, while main-
taining the maximum slave power is possible, though
the frequency locking range decreases. The inspection
of single-mode operation is accomplished via spectral
analysis of a small fraction of the beam using a Fabry
Pe´rot interferometer (FPI) and a photo diode. After
beam shaping optics to compensate for the strongly el-
liptical profile of the diode and adjustment of the spot
size, the infrared light is coupled into the frequency dou-
bling setup. The polarization of the laser is matched to
the crystal axis via a half-wave plate prior to the SHG
unit, where infrared powers of 300 mW are available for
conversion. The frequency conversion assembly consists
of two aspheric lenses for the coupling of the incident
fundamental (f=3.3 mm, NA=0.47) and collimation of
the emitted harmonic light (f=5.0 mm, NA=0.55), and
a temperature controlled mounting for the waveguide
crystal. The latter provides a temperature stability of
0.1 K. Lenses and crystal can be positioned relative to
each other by two three-axis translation stages. The blue
beam is separated from the non-converted transmitted
fundamental light through an edge filter.
3 Frequency conversion in a PPLN waveguide
crystal
We use as nonlinear medium a periodically poled mag-
nesium oxide doped lithium niobate waveguide crystal
(HCPhotonics). It has outer dimensions of 10 × 3.6 ×
0.5 mm3 and is designed for the SHG of infrared light in
the range of λ = 990− 997 nm at quasi phase matching
temperatures between 100◦C and 170◦C with a normal-
ized conversion efficiency η = 150−200 %W−1cm−2. The
input and output facet of the crystal are anti reflection
coated for the fundamental and harmonic wavelength.
On the top face is a total of 36 waveguide channels with
a rectangular transverse profile of a few µm2. Whereas
only one channel within the specifications is guaranteed
by the manufacturer, there is always a small amount of
conversion in every channel. Hence, the working chan-
nel can be easily identified by horizontal translation of
the crystal in the focal plane of the focussing lens and
counting of the waveguides.
In order to measure the coupling efficiency into the
waveguide, the crystal temperature is detuned far from
the optimal phase matching temperature, so that atten-
uation of the infrared light by SHG can be neglected.
A coupling efficiency of 68 % could be achieved, corre-
sponding to a maximum of 200 mW within the crystal.
With light originating from a single mode fiber even
higher coupling efficiencies (> 80 %) are feasible [18].
For a lossless waveguide the theoretically obtainable
power P2ω of the harmonic light field for perfect phase
matching ∆kQ = 0 after an interaction length z yields
[19]:
P2ω = Pω tanh
2
[√
ηPωz2
]
. (1)
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Here Pω is the power of the incident fundamental light,
and η the normalized conversion efficiency. Due to the
temperature and wavelength dependency of the refrac-
tive index as well as the thermal expansion of the crystal,
the condition ∆kQ = 0 can be met by an appropriate
choice of one of these two parameters, if the other one is
fixed.
Simultaneous variation of crystal temperature and
fundamental wavelength allows for a tuning of the blue
laser over several nanometers. In Fig. 2 the temperature
for optimal quasi phase matching is shown as a function
of the wavelength of the infrared light over a range of
3 nm. A linear behavior with a slope of 11.4 K/nm is
apparent, demonstrating the tuning abilities of the sys-
tem. The measured relative intensity of the blue light at
a fixed wavelength as a function of the temperature is
given in the inset of Fig. 2 for 990.6 nm.
Temperature [°C]
[°C
]
Fig. 2 Tuning range of the blue laser. Temperature of opti-
mal phase matching as a function of the fundamental wave-
length over a range of 3 nm (blue data points). A linear
regression with a slope of 11.4 K/nm reproduces the data
very well (red line). The phase matching curve for a vari-
ation of the temperature, with a fundamental light field of
PIR = 65.6 mW at 990.6 nm is shown in the inset. The graph
is normalized to its peak value.
The maximal achieved optical output power at 495.3
nm wavelength with this system is 35.5 mW, converted
from 204 mW infrared light within the crystal. This cor-
responds to a conversion efficiency of 17.4 % if coupling
losses are not considered. Including latter, the conver-
sion efficiency amounts to 11.8 %. Fig. 3 presents the
corresponding data. A theory curve following (1) with a
normalised conversion efficiency of η = 103 %W−1cm−2
reproduces the data.
The transverse mode profile of the frequency doubled
light (inset of Fig. 3) shows a gaussian distribution in
both axes. Injection locking as well as SHG show a good
long-time performance suitable for atomic physics exper-
iments [15], with only a slight decrease in the blue power
due to misalignment. This drift is caused by slow ther-
Fig. 3 Blue laser power as a function of the fundamental
power within the waveguide channel (blue data points). Er-
rorbars are due to measurement inaccuracies. The theoretical
curve (following equation (1)) yields a normalized conversion
efficiency of η = 103 %W−1cm−2 (red curve). A maximal
power of PSHG = 35.5 mW was achieved. The inset shows a
beam profile of the frequency doubled light.
mal expansion of the crystal oven and can be compen-
sated for. However, the achieved normalized conversion
efficiency is distinctly lower than in the specifications,
and looking at the long-term performance of the crystal,
we found a degradation of the waveguide channel. After
several months, the conversion efficiency has dropped by
more than 50 %. An inspection of the crystal front facet
with an optical microscope reveals an accumulation of
dust particles in the vicinity of the waveguide channels
(dark spots in Fig. 4 a)). Cleaning with inert dusting
gas can remove latter, but irreversible surface damage
remains (see Fig. 4 b)). A pigtailed waveguide crystal or
a sealed housing could circumvent this problem.
specified channel
a)
b)
Fig. 4 Microscopic images of the crystal front facet. a) Accu-
mulation of dust particles near the top edge. b) After cleaning
surface damages due to high intensity exposure are visible.
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4 Spectroscopy of Rydberg states
The wavelength of 495.3 nm corresponds to the 5P3/2 →
14D transition in 87Rb which can be calculated by quan-
tum defect theory [20]. The experimental confirmation
of the wavelength is performed by a two photon spec-
troscopy, based on electromagnetically induced trans-
parency, involving the transition in question. Moreover
the width of the EIT signal allows an estimate for the
laser linewidth. The concept of EIT is widely studied
[21] and can be understood as an interference of the ex-
citation pathways of atomic states, whose coherence is
induced by the laser fields. It manifests as an absence
of absorption of an atomic probe resonance, due to the
presence of a coupling light field and has already been
demonstrated in the ladder excitation scheme of rubid-
ium for lower and higher principle quantum numbers [22,
23].
The probe beam laser system consists of two self con-
structed grating stabilized diode lasers in Littrow config-
uration [24] with a wavelength of 780 nm. The frequency
of a first reference laser is fixed to the atomic (1, 3)-
crossover peak of the 5S1/2, F=2 → 5P3/2 resonance in
87Rb by a doppler-free FM-spectroscopy [25] in a vapor
cell. Beating with a second reference laser to establish an
offset lock enables us to shift the frequency of the ref-
erence laser 2 up to 1.5 GHz with respect to the atomic
transition. Hence, the system provides a tunable probe
laser beam for the EIT-spectroscopy and is aligned with
the blue coupling beam in counter propagating direction
through a rubidium vapor cell at room temperature (see
also Fig. 1). The absorption signal of the probe beam
is detected via a photo diode behind a dichroic mirror,
which is transmissive for 780 nm.
For a theoretical calculation of the EIT line shape,
we solve the optical Bloch equations (OBE) for a three
level system, taking into account the thermal motion of
the atoms as presented in [26]. For simplification we only
considered the F ′=3 hyperfine state of the 5P3/2 level.
The equations read as follows
ρ˙11 = iΩp(ρ˜31 − ρ˜13) + Γ31ρ33 + Γ21ρ22, (2a)
ρ˙33 = iΩp(ρ˜13 − ρ˜31) + iΩc(ρ˜23 − ρ˜32)
+ Γ23ρ22 − Γ31ρ33, (2b)
ρ˙22 = iΩc(ρ˜32 − ρ˜23)− (Γ21 + Γ23)ρ22, (2c)
˙˜ρ13 = iΩp(ρ33 − ρ11)− iΩcρ˜12 − (iδ13 + γ31)ρ˜13, (2d)
˙˜ρ23 = iΩc(ρ33 − ρ22)− iΩpρ˜21 + (iδ23 − γ23)ρ˜23, (2e)
˙˜ρ12 = iΩpρ˜32 − iΩcρ˜13 − (i(δ13 + δ23) + γ21)ρ˜12. (2f)
The states |1〉, |2〉 and |3〉 are the ground, Rydberg and
intermediate state, respectively (see the inset of Fig. 5),
ρii describe the populations in the levels, while ρ˜ij de-
note the coherences. The Rabi frequencies of the probe
and coupling beam in our case amount to Ωp=12.3 MHz
and Ωc=2.3 MHz, the corresponding detunings of the ap-
plied lightfields are δ13 and δ23. The Doppler shift is in-
troduced by the substitution δij→δij + kij · v/(2pi) and
integration over the thermal velocity distribution. The
5P3/2 state only decays into the ground state with a de-
cay rate of Γ31 = τ
−1
3 =38.12 MHz. The lifetime τ2=2275
ns of the Rydberg state [27] is composed of the decay into
the intermediate state and the decay to the ground state
via levels, not participating in this excitation scheme. Al-
though the transition |2〉 → |1〉 is only allowed as a multi
photon transition, we can approximate it’s contribution
by identifing Γ21 with the multi photon decay rate to the
ground state, and thus τ2'(Γ23 +Γ21)−1. We derive Γ23
from a calculation of the corresponding dipole matrix
element, involving numerical computation of the radial
wave functions of the 5P3/2 and 14D5/2 states [28,29].
The dephasing γij of the coherences are defined
γ31 =
1
2
Γ31, (3a)
γ23 =
1
2
(Γ21 + Γ23 + Γ31), (3b)
γ21 =
1
2
(Γ21 + Γ23), (3c)
neglecting collision broadening. The imaginary part of
ρ˜13 is than associated with the absorption coefficient on
the lower transition.
Fig. 5 Measured normalized transmission spectrum of the
probe beam in the presence of the coupling beam tuned
close to the 5P3/2, F
′=3 → 14D5/2 transition, and theo-
retical lineshape for Rabi frequencies Ωp = 12.3 MHz, and
Ωc = 2.3 MHz. The probe beam was scanned over the
doppler-broaded D2-line in
87Rb. Theoretical and experi-
mental EIT-signals have a FWHM of σtheo=14.2 MHz and
σexp=14.6 MHz and amount to a reduction of the absorp-
tion of 15.4 % and 14.4 %, respectively. The inset shows the
relevant levels and transition for the OBE.
The theoretical curve for the D2 absorption line for
rubidium vapor at room temperature (nRb = 1.04×1016
m−3) is shown in Fig. 5 (red solid line) together with the
normalized transmission spectrum of the scanned probe
beam in the presence of the coupling laser (blue data).
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Within the absorption dip of the doppler-broaded 5S1/2,
F=2→ 5P3/2 resonance, the EIT signal associated with
the 5P3/2, F
′=3→ 14D5/2 Rydberg excitation is clearly
visible. The measured FWHM of the lorenzian shaped
resonance peak is σexp=14.6 MHz and was calculated to
be σtheo=14.2 MHz, hence an additional broadening of
< 3 MHz due to the laser linewidth can be estimated.
This is compatible to typical ECDL systems. Also the
decrease in absorption of theory (15.4 %) and experiment
(14.4 %) show good agreement. Only the absolute height
of the theoretical curve was adjusted to fit the data.
A frequency stabilization of the master laser, alike
the one described in [30] on this signal is under develop-
ment.
Although six transitions should appear in our exci-
tation scheme (the hyperfine splitting of the Rydberg
states is not resolved), we were only able to detect the
two strongest resonances 5P3/2, F
′=3 → 14D3/2 and
5P3/2, F
′=3→ 14D5/2. Transitions via the intermediate
F ′ = 1, 2 hyperfine states were not detectable. With ref-
erence to these two transitions, we measured a fine struc-
ture splitting of the 14D Rydberg state of 5.13(35) GHz
which is consistent with quantum defect theory calcula-
tions. The uncertainty of this value is dominated by the
accuracy of the wavelength measurement.
5 Conclusion and Outlook
We have described a laser system based on single pass
frequency doubling of a seeded diode laser, using a PPLN
waveguide crystal. The maximum output power was 35.5
mW at 495 nm wavelength. The power and the line width
are sufficient for a large number of spectroscopic appli-
cations and quantum state engineering of low lying Ry-
dberg states in rubidium. The wavelength can easily be
tuned over several nanometers changing the temperature
of the crystal.
The conversion efficiency can be further increased by
using longer waveguide crystals. A sealed housing of the
crystal is recommended to ensure a long lifetime. More-
over pigtailed crystal setups may offer an insensitivity to
thermal drifts of the oven. The laser system is cost effi-
cient, comparably easy to align and can be an alternative
to high power amplified diode laser systems followed by
conventional SHG in a cavity.
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